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Abstract - The aim of this study is to analyse the Impact-Echo (IE) signal characteristic of backfill grout in shield TBM during 

hardening. IE test on simplified 2-layer model (e.g., segment and grout layer) is simulated by using Finite Element Method (FEM) 

software. Three different hardening state of backfill grout were selected and simulated. Time domain signal obtained from IE test were 

analysed with Fast-Fourier Transformation (FFT) and Short Time Fourier Transformation (STFT). As the backfill grout hardens, 

damping ratio increases and resonance duration decreases. This result can be the basis for the derivation of thickness of two-layer 

system composed with segment and backfill grout during hardening process. 
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1. Introduction 
During TBM tunnel excavation, backfill grout should be injected after the installation of segment lining to ensure the 

stability of the tunnel and to minimize ground deformation. During tunnelling, volume of backfill grout and injection 

pressure is monitored to control the quality of backfill grout. However, the quality of backfill grouting has not been 

evaluated after the injection. Moreover, the properties of backfill grout change after the injection due to hardening. In this 

study, Impact-Echo (IE) is adopted to evaluate the quality of backfill grouting. The effect of backfill grout hardening on 

Impact-Echo signal is investigated with numerical analysis. 

 

2. Optimization of numerical model 
FEM software (ABAQUS Ver. 6.5) is used to simulate IE test for 2-layer composed with segment lining and backfill 

grout. Axisymmetric model is adopted as shown in Fig. 1. To avoid the reflection at the side of the model, infinite element 

is used for the right side of the numerical model. The dimension of finite element is determined as 1cm by 1cm considering 

the equation proposed by Zerwer (2002). Time increment should satisfy the spatial Nyquist limit (Eq. (1)) and temporal 

Nyquist limit (Eq. (2)). In this study, 1μs of time increment is derived. 
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After the injection, the properties of backfill grout changes depending on the time: the stiffness increases and damping 

ratio decreases. According to Hardin and Drnevich (1972), shear modulus and damping ratio have inverse proportion. In 
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this study, Free-Free Resonant Column (FFRC) test is performed for obtaining the parameter of backfill grout depending 

on the curing time. The bentonite-cement grout is mixed with sodium silicate. Volumetric content of sodium silicate is 5% 

in this study. Three different curing stages were selected to consider the time-dependent hardening behaviour of backfill 

grout (Fig. 2) and the corresponding parameters are tabulated in Table 1. 

In IE test, steel ball is used to generate the stress wave on the surface of segment. When the density and diameter of 

steel ball are 7850 kg/m3 and 15 mm diameter and it drops from 1 m above on the concrete segment lining, the contact 

time and force are 64 μs and 0.17 N from the equation proposed by Sansalone & Carino (1986), respectively. Acceleration 

in vertical direction is monitored at 6 cm apart from the impact point. 

 

 
Fig. 1: 2-layer model composed with segment lining and grout. 
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Fig. 2: Time VS resonance frequency by FFRC test. 

 
Table 1: Input parameters for numerical analysis. 

 

Material 
Curing time 

(min) 

Density 

(assumed, 

kg/m3) 

Elastic 

modulus 

(Pa) 

Poisson’s ratio 
Stiffness-proportional damping coefficient 

(sec) 

Segment - 2400 3.50E+10 0.2 1.00E-6 

Stage  1 360 1600 1.69E+08 0.2 7.50E-6 

Stage  2 1980 1780 8.01E+08 0.2 3.35E-6 

Stage  3 4520 2000 1.33E+09 0.2 2.57E-6 

 

 
(a)  Frequency domain response                     (b) Damping ratio 

 

Fig. 3: Result of frequency analysis using FFT depending on curing time. 

 

3. Signal characteristics depending on backfill grout hardening 
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IE test for two-layered system is simulated depending on the three different hardening stages. Time increment is 

1μs and the total analysis step is 2500, until 0.0025 sec. Time domain signal is transformed into frequency domain by 

FFT and STFT. To obtain the multiple reflection of stress wave, surface wave which travels from impact point to 

monitoring point is omitted during signal processing. 

Fig. 3 shows frequency response depending on the curing stage. Resonance frequency of IE signal is 12700 Hz 

and does not change depending on the curing stage. However, frequency response and geometric damping ratio is 

significantly affected by curing process. In stage 1, the maximum autospectral density is 7687 and geometric damping 

ratio is 7.811 %. In stage 2, the maximum autospectral density is getting smaller and geometric damping ratio 

increases to 11.644%. When the backfill grout is fully cured, the maximum autospectral density decreases to 3914 and 

geometric damping ratio increases to 12.417 %. It can be concluded that maximum autospectral density decreases and 

geometric damping ratio increases as the backfill grout hardens. 

The results of IE simulation were transformed to time-frequency domain by STFT and presented in Fig. 4. If we 

take a width of the contour line from the normalized time-frequency response as resonance duration, TR, it is about 

0.50 ms in case of stage 1. Resonance duration, TR, is 0.39 ms for stage 2 and 0.35 ms for stage 3. The resonance 

duration decreases as the backfill grout hardens as it is presented in Fig. 5. By combining the results from FFT and 

STFT, transmission of stress wave increases and energy dissipation increases as the backfill grout hardens. 

 
                                  (a) Stage 1                                                    (b) Stage 2                                                  (c) Stage 3 

Fig. 4: Time-frequency analysis using STFT. 
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Fig. 5: Resonance duration during the grout curing time. 

 

4. Conclusion 
This study is a numerical analysis on the effect of backfill grout hardening on Impact-Echo signal. IE test on 

simplified two-layered model (e.g., segment and grout layer) is simulated by using Finite Element Method (FEM) 

software. Three different hardening stages were selected and its material properties are obtained through FFRC test. Time 

domain signal obtained from IE test for three different hardening stages were analysed with FFT and STFT. From the 

frequency response, it is found that autospectral density decreases and geometric damping ratio increases as the backfill 

grout hardens. From the time-frequency response, it is found that resonance duration decreases as the backfill grout 

hardens. It implies that transmission of stress wave increases and energy dissipation increases as the backfill grout hardens. 

This result can be the basis for the derivation of thickness of two-layer system composed with segment and backfill grout 

during hardening process. 
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